Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins mediate intracellular vesicle fusion, which is an essential cellular process of the eukaryotic cells. To investigate the role of SNARE proteins in the rice blast fungus Magnaporthe oryzae, MoSec22, an ortholog of Saccharomyces cerevisiae SNARE protein Sec22, was identified and the MoSEC22 gene disrupted. MoSec22 restored a S. cerevisiae sec22 mutant in resistance to cell wall perturbing agents, and the DMosec22 mutant also exhibited defects in mycelial growth, conidial production, and infection of the host plant. Treatment with oxidative stress inducers indicated a breach in cell wall integrity, and staining and quantification assays suggested abnormal chitin deposition on the lateral walls of hyphae of the DMosec22 mutant. Furthermore, hypersensitivity to the oxidative stress correlates with the reduced expression of the extracellular enzymes peroxidases and laccases. Our study thus provides new evidence on the conserved function of Sec22 among fungal organisms and indicates that MoSec22 has a role in maintaining cell wall integrity affecting the growth, morphogenesis, and virulence of M. oryzae.
Introduction
Soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE) proteins have been implicated as the conserved core protein machinery for intracellular membrane fusion events of eukaryotic cells including those of fungal organisms [1] . SNAREs are structurally characterised by a conserved segment of 60-70 amino acids, termed the SNARE motif, a cytoplasmically oriented N-terminal sequence, and a single transmembrane (TM) domain or lipid modification motif at the C-terminus [2, 3, 4] . Complementary SNAREs characterised by the ''SNARE motif'' are present on the donor and acceptor membranes prior to fusion, with conserved sequence features and a propensity to form coiled-coils configurations. When efficient member fusion occurs, four SNARE motifs bundle together forming a parallel a-helical coil. This transSNARE complex is referred to as a SNAREpin, and the formation of a SNAREpin pulls the vesicle and target membrane together and may provide the energy to drive fusion of the lipid bilayers [1, 5, 6, 7] . Functionally, SNAREs can be classified into v-SNAREs and tSNAREs with the former associated with the vesicle and the latter the target compartment. Additionally, depending on sequence homology and the presence of an arginine or glutamine residue at the ''0'' layer of the SNARE motif, SNAREs can be categorised as R-or Qa-, Qb-and Qc-SNAREs [3] .
SNAREs are a large family of proteins. There are 36 SNARE proteins found in humans, 20 in the fly Drosophila melanogaster, 54 in the plant Arabidopsis thaliana, and as many as 24 in the budding yeast Saccharomyces cerevisiae [8, 9, 10] . With the availability of many genome sequences, SNARE proteins were also identified from various filamentous fungi [11] . Kuratsu and colleagues identified 21 putative SNARE proteins from Aspergillus oryzae, and they also utilized the eGFP-markers attempting to localise these proteins [12] . Detailed knowledge on functions of SNARE proteins in these fungi remains lacking, and the only known example is Yup1 of the corn smut fungus Ustilago maydis. Yup1 was found to mediate endocytic recycling through early endosomes and is essential for hyphal morphogenesis and pathogenesis [13, 14] .
The rice blast fungus Magnaporthe oryzae causes serious disease in a wide range of grass hosts, including rice, barley, wheat, and finger millet [15] . Additionally, M. oryzae was also widely regarded as a model fungus for studying the plant-microbe interaction [15, 16, 17] . Recently, molecular genetic analysis has led to the identification of secretomes containing a large and diverse set of secreted lytic proteins, such as xylanases, glucanases, cutinases, and additional plant cell wall-degrading enzymes that contribute to the pathogenicity of the fungus [18, 19] . Although a P-type ATPase (APT2) was shown to be essential for the release of several secretory proteins during the infection process [20] , little is known about the mechanisms underlying the secretory transport of these lytic proteins to the periphery of the fungal cell walls.
The first step of secretion is the export of membrane and soluble cargos from the endoplasmic reticulum (ER) to the Golgi apparatus. In M. oryzae, two putative Hsp70 family proteins, Kar2 and Lhs1, were found to function as chaperones for protein translocation and maturation in the ER [21] . The LHS1 gene is necessary for conidiation and for the ability to cause the rice blast disease, supporting a model that protein secretion is critical for development and pathogenesis. Studies in S. cerevisiae indicated that Sec22, one of the SNARE proteins, functions in both anterograde and retrograde traffic between the ER and the Golgi apparatus [22, 23] . The Dsec22 mutant exhibited defects in sporulation and budding, and the mutant cells were also less resistant to stress despite an increase in cell sizes [5, 24, 25] .
Because SNARE family proteins are highly conserved among fungi, their studies may contribute to the understanding of secretory proteins and their role in pathogenesis of M. oryzae. We investigated the function of MoSec22, a S. cerevisiae Sec22 homologue, in M. oryzae. In the present study, we showed that MoSec22 was required for conidial development, stress resistance, and pathogenicity.
Materials and Methods

Fungal strains and growth condition
The M. oryzae wild-type Guy11 and mutant strains were cultured on complete medium (CM) (52) at 28uC. Other media include OMA (30 g oat meal and 15 g agar in 1 liter of distilled water) and V8 (100 ml V8 juice, 0.2 g CaCO 3 and 15 g agar in 1 L ddH 2 O). For sporulation, RDC medium (100 g rice straw decoction was boiled in 1 L ddH 2 O for 20 min and filtered. The filtrate was mixed with 40 g corn meal and 10 g agar and adjusted to 1 L with ddH 2 O) was used [26] . For medium containing cell wall perturbing agents, the final concentrations were 0.01% for sodium dodecyl sulfate (SDS), 200 mg/ml for CR (Cong Red), and 200 mg/ml for Calcofluor White (CFW). Mycelia were harvested from 3-day-old cultures grown in liquid CM and used for genomic DNA and total RNA extractions.
Protein sequence analysis
Sequence alignments were performed using the Clustal_W program [17] and the calculated phylogenetic tree was viewed using Mega4.0 Beta program [27] .
Complementation of the Saccharomyces cerevisiae Dsec22 mutant
MoSEC22 was digested with EcoRI-HindIII from pMD-Mo-SEC22, and subcloned into the pYES2 yeast expression vector digested with EcoRI-HindIII to generate pYES2-MoSEC22, which expresses MoSec22 under the control of the GAL1 promoter. After verification by sequencing, the pYES2-MoSEC22 vector was introduced into the S. cerevisiae Dsec22 mutant strain YGL268w (BY4741: Mata his3-1 leu2-0 met15-0 ura3-0 YGL268w::kanMX4) purchased from EUROSCARF (Frankfurt, Germany) using the lithium-acetate method [28] . Yeast cells were incubated on liquid YPD medium (2% glucose, 2% peptone, and 1% yeast extract) supplemented with the amino acids required by the strains. After washed three times with ddH 2 O, aliquots (5 ml) of 10-fold serial dilutions were grown in SD (glucose) or SD-CFW (galactose+200 mg/ml CFW) plates at 30uC for 4 days and photographed.
Construction of targeted gene deletion vector and fungal transformation
In order to analyze the effects of DMosec22 gene deletion, we created a construct of the targeted gene deletion vector pMDMoSEC22 KO by inserting the HPH gene expression cassette into the two flanking sequences of the MoSEC22 gene. A 1.0 kb upstream flanking sequence fragment and a 0.8 kb downstream flanking sequence were amplified from M. oryzae genomic DNA by PCR, with primer pairs FL2450/FL2451 and FL2452/FL2453, respectively. Two PCR fragments were linked by overlap-PCR with primer pairs FL2450/FL2453, and the amplified products were cloned into pMD19-T vector (TaKaRa, Dalian, China) to generate pMD-MoSEC22-KO. An EcoRV restriction site was incorporated into primers FL2451/FL2452. The HPH gene cassette was prepared by PCR from the plasmid pCB1003 with primer pair FL1111/FL1112 and inserted into the EcoRV site of pMD-MoSEC22 to generate the final construct pMD-MoSEC22 KO. A 3.2 kb fragment containing the flanking sequence and HPH gene was amplified using the pMD-MoSEC22 KO as the template with primers FL2450/FL2453 and used to transform M. oryzae strain Guy11 as described previously [29] . Primers were listed in Table S1 .
Candidate mutant strains were screened using primers FL2580/FL2581 and the mutants were further verified by Southern blotting analysis and RT-PCR with primers FL2580/ FL2581. For complementation, the 2.8-kb PCR product containing about 1.8 kb upstream sequence, the full-length MoSEC22 gene coding region, and 0.4 kb downstream sequence were first obtained using primers FL3614/FL3615 and cloned into pCB1532 generating pCB1532-MoSEC22R. After sequence verification, the construct was used to transform the DMosec22 knockout mutants.
DNA and RNA manipulation as well as Southern blotting analysis were performed as described previously [30] .
RT-PCR and real-time PCR analysis
Total RNA was isolated using the RNA extraction kit MucleoSpin RNAII (MACHEREY-NAGEL, PA, USA). First-strand cDNA was synthesized using M-MLV Reverse Transcriptase (Invitrogen) and oligo(dT) 15 primers (Invitrogen). For semi quantitative RT-PCR, the Actin gene (MGG_03982.5) was amplified with primers FL474/ FL475 and used as an internal control. The MoSEC22 transcripts were obtained using primers FL2580/FL2581. In quantitative realtime PCR, MgYAP1 (MGG_12814.6), NOX1 (EF667340), and NOX2 (EF667341) were amplified with primer pairs FL4348/FL2701, FL4394/FL4395, and FL4396/FL4397 respectively (Table S1) (Table S1 ). Quantitative real-time PCR was performed with the ABI 7300 Fast Real-Time System and transcripts were analyzed by the 7300 System SDS Software. To compare the relative abundance of target gene transcripts, the average threshold cycle (Ct) was normalized to that of Actin for each of the treated samples as 2
2DCt
, where 2DCt = (C t, target gene 2 C t, actin ). Fold changes during fungal development and infectious growth compared to growth in liquid CM were calculated as 2
2DDCt
, where 2DDCt = (C t, target gene 2 C t, actin ) test condition 2 (C t, WT 2 C t, actin ) CM [31] . PCR was repeated once with three replicates.
Assays for vegetative growth and appressorium formation in hyphal tips
Discs of mycelia 3 mm 2 in size, from 7-day-old CM plates were individually incubated on the centre of 60-mm Petri dishes containing different media (CM, V8, OMA, and RDC) and cultured at 28uC with a 12 hours interval photophase. Radial growth was measured after incubation for 6 days. All experiments were repeated three times with three replicates each time.
To induce production of conidia, mycelia were allowed to grow on RDC medium at 28uC in the dark for 7 days, followed by constant illumination for 3-4 days [26] . Conidia were harvested by washing with ddH 2 O, filtered through three-layer lens paper, harvested by centrifugation, and cells resuspended in 0.2 ml ddH 2 O. Conidia concentration was counted using a hemocytometer. Three plates were used for each strain and the experiment was repeated three times. Conidiophore was monitored as previously described [32] .
Appressorium formation was measured on GelBond film (FMC Bioproducts, Rockland, Maine, USA) as previously described, except that the conidial suspension was replaced with fragmented mycelia suspension. Mycelia fragments were suspended in sterile distilled water to ensure 10 4 pieces of fragmented mycelia/ml. Droplets (40 ml) of the mycelia suspension were placed on GelBond film and incubated in a humid environment at 25uC. The percentage of appressoria formed at the tips of mycelia was determined microscopically. At least 100 pieces of fragmented mycelia per replicate were observed at 24 and 48 hours.
Light microscopy studies
To examine hyphal morphology, strains were grown on a thin layer of CM agar on the microscope slides. After 2 days in a humid chamber at 28uC, the hyphae were observed under an Olympus BH-2 microscope. The cell wall, hyphal septum, and conidia were visualized by CFW (10 mg/ml, Sigma) staining as described [33] .
Pathogenicity assay
15-day-old rice (CO39) seedlings were grown under the conditions described previously [34] . Mycelia plugs of 2 mm62 mm were removed from CM medium and incubated on the non-wounded or wounded rice leaves. Root infection assays were carried out as previously described [35] . Lesion formation was examined at 7 days post inoculation.
Reaction oxygen species (ROS) detection
For superoxide detection, the strains were grown on a thin layer of CM on the microscope slides for 2 days in a humid chamber at 28uC. Hyphae were then stained with 0.3 mM NBT (nitroblue tetrazolium) aqueous solution for 20 min. The reaction was stopped by the addition of ethanol, and the pattern of formazan staining was observed using a Leica DMR microscope (Leica Microsystems, Wetzlar, Germany).
Measurement of the chitin content
Chitin (N-acetylglucosamine, GlcNAc) content was determined as described [36] . Mycelial samples were freeze-dried first. For each sample, 5 mg of dried biomass was resuspended in 1 ml 6% KOH and heated at 80uC for 90 min. Samples were centrifuged (16,000 g, 10 min) and pellets washed with PBS in three cycles of centrifugation and resuspension (16,000 g, 10 min). The pellets were finally resuspended in 0.5 ml of McIlvaine's buffer (pH 6) with 100 ml (13 units) of Streptomyces plicatus chitinase (Sigma) and incubated for 16 hours at 37uC with gentle mixing. 100 ml sample was then combined with 100 ml of 0.27 M Mosadium borate (pH 9) in a 1.5 ml Eppendorf tube, heated for 10 min at 100uC, and 1 ml of freshly diluted (1:10) of Ehrlich's reagent (10 g bdimethylaminobenzaldehyde in 1.25 ml of concentrated HCl and 8.75 ml glacial acetic acid) was added. After incubating at 37uC for 20 min, 1 ml of the sample was transferred to a 2.5 ml plastic cuvette (Greiner) and the absorbance at 585 nm was recorded. Standard curves were prepared with GlcNAc (Sigma, USA). The experiment was repeated three times.
Extracellular laccase activity and oxidative stress sensitivity assays
The laccase activity was monitored on 0.2 mM 2, 29-azino-di-3-ethylbenzath-iazoline-6-sulfonate (ABTS) agar plate assays using mycelial plugs at 2 day post infection. The enzyme activity was also assayed using the culture filtrate from 3 day old CM liquid culture. Briefly, a reaction mixture (1 ml) containing 50 mM acetate buffer (pH 5.0) and 10 mM ABTS was mixed with the culture filtrate (200 ml) and incubated at 25uC for 5 minutes with or without 3 mM of H 2 O 2 . Absorbance was evaluated at 420 nm [37] .
M. oryzae strains were grown on solid CM containing 2.5 and 5 mM H 2 O 2 and the sensitivity was evaluated by measuring the colony diameters of 7-day-old cultures.
Results
Isolation of M. oryzae SEC22 and functional complementation of a S. cerevisiae Dsec22 mutant
We first identified an ortholog of Sec22 from the M. oryzae genome (http://www.broad.mit.edu/annotation/genome/magna porthe_grisea/MultiHome.html) by a BLAST_P search. MoSEC22 (MGG_04050.6) encodes a polypeptide of 217 amino acids containing an intron-less SNARE domain. A high of 83% amino acid sequence identity was found to an uncharacterised hypothetical protein from Chaetomium globosum (CHGG07772), and the best match to an annotated Sec22 protein was that of Neurospora crassa (P78746; 79% identity in amino acid sequence). MoSec22 shares an overall of 47% in amino acid sequence with S. cerevisiae Sec22, while the identity within the SNARE domain (pfam00957) was as high as 60%. Further analysis of MoSec22 using the C-terminal SNARE motif revealed that the central position (0-layer) of the heptad repeats of the SNARE motif is an Arg residue, indicating that MoSec22 belongs to the R-SNARE superfamily. Alignment of Sec22 proteins was presented in Figure 1A . A single copy MoSEC22 gene was found in M. oryzae, as indicated by Southern blotting analysis ( Figure 1B) .
MoSec22 was verified by functional complementation in S. cerevisiae. The S. cerevisiae Dsec22 mutant was highly sensitive to cell wall perturbing agent CFW [38] . To determine whether MoSec22 could complement Sec22 function, we expressed MoSEC22 in a Dsec22 mutant through the yeast expression vector pYES2. The transformants exhibited better growth on synthetic defined medium containing 200 mg/ml CFW in comparison to the Dsec22 mutant carrying the empty vector ( Figure 1C ), suggesting that MoSec22 is able to fulfil the function of its counterpart in S. cerevisiae.
Disruption of MoSEC22 compromised aerial mycelial growth and inhibited conidiogenesis as well as appressorium formation
To evaluate the role of MoSec22 in the growth and development of M. oryzae, disruption mutant strains were generated by replacing most of the MoSEC22 coding region with the hygromycin phosphotransferase resistance (HPH) marker gene ( Figure 2A ). Mutant strains selected and conformed by Southern blot analysis and RT-CPR. Two deletion mutants, DMosec22-#1 and DMosec22-#2, were selected after verified by Southern blot analysis and RT-PCR ( Figure 2B and 2C) . For complementation, a 2853-bp fragment containing the MoSEC22 gene was ligated into pCB1532 vector [39] and reintroduced into the DMosec22-#2 mutant. One strain, DMosec22R was chosen once verified ( Figure 2B and 2C) .
The DMosec22 mutant showed reduced vegetative growth in comparison to the wild-type strain Guy11 on CM, V8, OMA and RDC medium. The DMosec22 mutants lacked aerial hyphae and underwent progressive autolysis on conidiation RDC medium leaving eventually a water-soaked film. The mycelia resumed growth after transferring of agar blocks from completely lysed plates to fresh liquid CM, indicating that parts of the fungal hyphae survived autolysis (Figure 3) .
Quantitative measurements confirmed that production of conidia was completely abolished in the DMosec22 mutant on CM, V8, OMA or RDC medium. In addition, no conidia were observed in the DMosec22 mutant after prolonged incubation under conidial induction conditions (Figure 4) . We further analysis the conidiophore differentiation and conidial formation in the mutant. As shown in Figure 4A , no conidiophore was observed in the DMosec22 mutant at 24 h post conidial induction after 8-day old incubation. Moreover even at 48 h post induction few conidiopores were differentiated. However, the wild-type and DMosec22R developed pearshaped conidia on a normal conidiophore. In order to determine if MoSec22 is involved in conidiophore development, staining with lactophenol aniline blue was used to distinguish conidiophores from other aerial hyphae [32] . Microscopic examination revealed that no conidiophores developed in the DMosec22 mutant ( Figure 4B ). These data suggested that MoSec22 is required for conidiophore formation.
To evaluate the role of MoSec22 in appressorium formation, actively growing hyphal suspension was placed on an inductive hydrophobic surface of Gelbond film or onion epidermal cells. Microscopic examination revealed that the DMosec22 mutant sparsely formed appressoria at the hyphal tips, in contrast to the wild-type strain that formed appressoria on 55% of hyphal tips ( Figure 5 ). In addition, the appressoria of DMosec22 were smaller in size than those of the wild type strain ( Figure 5 ). These results suggest that MoSec22 plays a critical role in appressorium formation.
DMosec22 mutants showed loss of pathogenicity M. oryzae enters rice leaves and stems primarily through the appressorium, a specialised structure that develops from a germinated conidium. However, hyphae can also invade rice roots [40] and wounded leaf tissues [41] . As the DMosec22 deletion mutants hardly produced any conidia in the present study, we inoculated mycelial plugs of the deletion mutant onto wounded and non-wounded rice leaves. No disease symptoms developed on either wounded or non-wounded leaves infected with DMosec22 mutant plugs 5 days post inoculation, in contrast to leaves infected with wild-type Guy11 and MoSEC22 complement mutant DMosec22R strains that developed typical rice blast lesions ( Figure 6A and 6B) . We further examined the pathogenicity of the mutant in a root infection assay and the result recapitulated that the DMosec22 disruption mutant was avirulent ( Figure 6C ). These observations indicated that MoSec22 is essential for the pathogenicity of M. oryzae.
Cell wall integrity is altered in the DMosec22 mutant
To investigate the cause of defects resulting from loss of MoSec22, the structural integrity of the cell wall and membrane of the DMosec22 mutant was examined (Table S2) . Mycelial growth was measured on CM medium containing various concentrations of the cell wall stressors CFW, SDS, and Congo Red (CR). As CFW binds to chitin, interfering with its polymerisation [42, 43] , CFW sensitivity test is often used to identify mutants defective in cell wall assembly or in signal transduction regulating cell wall integrity [44, 45, 46] . In growth assays, DMosec22 mutant showed less resistance to CFW than the wild type as well as the reconstituted strains (Figure 7 ), suggesting that MoSec22 was involved in maintaining the integrity of the cell wall. SDS is a detergent that reduces membrane stability and any cell wall defects will lead to increased accessibility of SDS to the plasma membrane resulting sensitivity [47, 48, 49] . The DMosec22 mutants were also less resistant to SDS compared with wild-type Guy11 and DMosec22R strains (p,0.01). Furthermore, we tested the third cell wall perturbing agent CR [50] by observing the growth of strains on CR containing medium. The result, in which both DMosec22 mutants exhibited smaller diameter in colony sizes and less dense aerial hyphae, was similar to those of above, all indicating more inhibition on the growth of the DMosec22 mutant than the wildtype strain by those agents (Figure 7) .
Finally, we examined the effects of lytic enzymes (10 mg/ml lysing enzymes) to the DMosec22 mutant. Interestingly, less protoplasts were found in the DMosec22 mutant than the controls ( Figure 8A ), suggesting that either the altered cell wall structure rending it less accessible to or resistant to lytic enzymes, or excess rupture and poor recovery of protoplasts due to breached membrane and cell walls. Judging from above tests using cell wall perturbing agents, the latter scenario is very likely.
DMosec22 mutant increased cell wall chitin deposition
In S. cerevisiae, Sec22 is involved in the regulation of chitin synthesis [51] . To determine whether MoSec22 has a similar role, we examined the cell wall properties of the DMosec22 mutant using chitin stain CFW. In the wild-type strain Guy11, newly synthesised chitin indicated by CFW fluorescence was mostly distributed at the septa and tips where it was actively synthesised, while the bright fluorescence was not restricted to growing apices but also found on lateral walls along hyphal axes in the mutants ( Figure 8B ). This abnormal distribution of cell wall components was restored by re-introduction of the wild-type MoSEC22 gene. This abnormal distribution of cell wall components was restored by re-introduction of the wild-type MoSEC22 gene. It is well documented that the synthesis of Chitin, which is a constituent of fungal cell wall, depends on the activity of the chitin synthase enzymes, and they are wildly existed in many fungal species including M. oryzae. These enzymes could be divided into seven classes (classes I-VII) [52, 53] . Class I, II and V chitin synthase have been proved to be involved in chitin synthesis in the mycelium of Fusarium oxysporum and Botrytis cinerea [54, 55] . However, in M. oryzae, the function of these homologious genes, except for class VII chitin synthase enzyme encoding genes [52] , is still unclear to date. Combined with results above, we further quantified the accumulation of chitin and examined the expression of several genes known to be involved in chitin synthesis. The chitin contents were increased by 20% in DMosec22 mutant relative to the wild-type strain ( Figure 8C ), and consistently, the transcription of five out of seven genes were increased ( Figure 8D ).
Loss of MoSEC22 reduced the accumulation of reactive oxygen species in vivo
Previous studies indicated that reactive oxygen species (ROS) were essential for fungal pathogenicity [56] . ROS were observed at distinct times during conidial germination, appressorium development and hyphal tip growth in M. oryzae [57] . Since the disruption of DMosec22 resulting in defects in hyphal growth, sporulation, appressorium formation, and pathogenicity, we measured the intracellular ROS accumulation at the hyphal tips using nitroblue tetrazolium (NBT), which forms a dark-blue waterinsoluble formazan precipitate upon reduction by superoxide radicals. The DMosec22 mutant generated significantly less superoxide than Guy 11 during mycelial growth, as quantified by a reduction in the mean pixel intensity measurement due to accumulation of formazan precipitate ( Figure 9A ), suggesting that compromised superoxide accumulation was partially responsible for the low ROS level. . MoSec22 is involved in the tolerance of cell wall or membrane to stress inducers. The Guy11, DMosec22 mutants (#1 and #2), and the reconstitute strain (DMosec22R) were incubated on CM medium supplemented with, respectively, 200 mg/ml CFW, 0.01% SDS, and 200 mg/ml CR at 28uC for 7 days before being photographed. Data comprise three independent experiments with triple replications each time that yielded similar results. doi:10.1371/journal.pone.0013193.g007 ROS are generated primarily by NADPH oxidases localised at the plasma membrane [58] . In M. oryzae, Nox1 and Nox2 are important sources of ROS production [57] . Therefore, we performed real-time quantitative PCR analysis to examine the expression of NOX1 and NOX2 and found that the transcript levels were reduced by 20% and 50%, respectively, relative to the wild-type strain ( Figure 9B ). Since the expression of genes involved in the detoxification of ROS is regulated by the transcription factor Yap1 [59] , we also examined the transcription of a M. oryzae Yap1 homologue (MGG_12814.6) and found that its transcript was reduced to 56% in the DMosec22 mutant ( Figure 9B ). Together, these findings indicate that disruption of MoSec22 has a negative impact directly and indirectly on the membrane function.
Disruption of MoSEC22 affected extracellular laccase and peroxidase activities
In this study, we found that the mycelial growth of the DMosec22 mutant was markedly reduced in the presence of both 2.5 mM and 5 mM hydrogen peroxide (H 2 O 2 ) in comparison to controls ( Figure 10A) . A recent study in M. oryzae, which ascribed the oxidative sensitivity to the decreased activity of the extracellular peroxidases [37] , suggested that MoSec22 may participate in the degradation of extracellular ROS such as H 2 O 2 . CR is also utilized as an indicator for the presence of secreted peroxidase. Thus, DMosec22 mutants were inoculated onto CR-containing media. No significant differences in mycelial growth were observed initially, however, a bright degradation halo was later developed surrounding the wild-type strain but not the DMosec22 mutant ( Figure 10B ), indicating reduced extracellular peroxidase activities in the latter strain. The filtrates of the DMosec22 mutant as well as the Guy11 strain were collected and extracellular peroxidase activities measured by use of a colorimetric assay. The results indicated an almost complete loss of the peroxidase activity in the DMosec22 mutant ( Figure 10E ). The activities of additional extracellular enzyme, laccase, were also measured for cells grown on solid medium and in the culture filtrate, which showed that DMosec22 mutant has a decreased laccase activity, as indicated by the difference in the degree of the oxidised dark purple reaction ( Figure 10C ) and the laccase activity ( Figure 10E ). Moreover, realtime quantitative PCR analysis indicated that the transcript levels of several peroxidases (MGG_08200, MGG_07790, MGG_ 01924, MGG_13239, MGG_04545, MGG_02069, and MGG_ 04404) and laccases (MGG_13464, MGG_11608, and MGG_ 09139) were all markedly down in the DMosec22 deletion mutant ( Figure 11A, 11B and 11C ). Collectively, these findings indicate that the sensitivity of the DMosec22 mutant to stress inducing agents such as H 2 O 2 is due to its reduced production/secretion of extracellular peroxidases and laccases.
Discussion
In the present study, we characterised a SNARE homolog protein, MoSec22, in M. oryzae and primarily focused on its external phenotypes associated with pathogenesis. Gene-targeted replacement revealed that the loss of MoSec22 led to a plethora of developmental defects, and further analysis showed that MoSec22 was involved in the maintenance of cell wall integrity and ROS generation. Whereas the detailed roles of MoSec22 in membrane fusion and trafficking remains to be investigated, our current data suggest that the SNARE proteins are likely carrying essential roles in this fungus.
Conidiogenesis and appressorium development play critical roles in the rice blast disease cycle. These processes are governed by a precise developmental programme in response to stimuli from the host and the environment. This fungus has evolved regulatory networks to ensure the correct timing and spatial pattern of these development events [37] . Recently, we found that the SNARE protein MoVAM7 participates in conidiogenesis and appressorium development (Dou & Zhang, unpublished data). Here, the DMosec22 mutant hardly produced conidia or appressoria at the tips of the hyphae, all suggesting that conidiogenesis and appressorium formation are regulated at many levels and proteins including those functioning in membrane trafficking. In many fungi, it is well documented that the aerial hyphal formation plays a significant role during conidiophores differentiation and asexual spores production [60, 61, 62, 63] . However, by the assay of the conidiation, we found the autolysis of the DMosec22 mutants on RDC medium, indicating that the lost ability of conidiation of the mutant may be due to the lost ability of formation of conidiophores, which were ascribed to autolysis of the aerial hyphal of the DMosec22 mutants on conidiation medium.
Fungal cell walls are composed of a tight, semi permeable fibrillar network of polymers, including chitin, glucan composed of polysaccharides and mannoproteins [64] . In the present study, the DMosec22 deletion mutants showed increased sensitivity to cell wall stressors. Further analysis indicated an increase in the chitin biosynthesis activity and abnormal accumulation of chitin. This may indicate that a negative feedback regulatory circuitry exists for chitin synthesis. Chitin is an integral part of the fungal cell wall and the synthesis of chitin depends on the activity of chitin synthase enzymes, such as Chs3p of S. cerevisiae, which accounts for about 90% of chitin synthesis activities. Chs3p transits through the ER/Golgi secretory pathway to the plasma membrane early in the process of daughter cell formation. Once the daughter cell has reached its full size, Chs3p is retrieved by endocytosis into intracellular ''chitosomes'' [36] . In U. maydis, a genome-wide localisation analysis of all chitin synthases using GFP fusion proteins indicated that some of these chitin synthases were colocalized with the endosomes, suggesting that chitin synthases are good candidates for recycling processes at the growing hyphal tips [13] . It has also been speculated that the polarized growth of filamentous fungi requires the endocytic uptake and recycling of cell wall components such as chitin synthases. Consistent with this the FM4-64 staining revealed that endocytosis was blocked by disruption of MoSEC22 (see Figure S1 ). Failure to recycle due to MoSEC22 disruption may reduce the levels of chitin synthases available for further rounds of vesicle fusion with the target membrane, and this lack of vesicular SNARE may also change the polarised transport of cell wall components or cell wall synthesisrelated enzymes resulting in multiple defects in the DMosec22 mutant.
ROS is important in the processes of plant infection and rice blast disease [65] . A Rac GTPase was implicated in the activation of the NADPH oxidase and also in inhibition of the expression of the ROS scavenger metallothionein during defence signalling [66] . In M. oryzae, a Morac1 deletion mutant is defective in conidia production [67] . Consistent with these previous reports, the lower ROS levels resulted from MoSEC22 disruption may partly contribute to the defects of DMosec22 mutants. As NADPH oxidase (Nox) proteins are responsible for ROS production [68] and Nox1 and Nox2 are important in pathogenesis [57] , our findings of the downregulation in the expression of both Nox1 and Nox2 in DMosec22 may provide a clue for the decreased ROS levels and attenuated virulence.
In U. maydis, the transcription factor Yap1 controls the expression of peroxidase genes (um01947 and um10672) and is responsible for scavenging host-derived ROS in its interaction with the plant [69] . We found that the expression of MoYap1 was decreased in the DMosec22 mutant and that MoYap1 is involved in tolerance to H 2 O 2 and virulence (Guo and Zhang, unpublished data), suggesting a functional link between MoSec22 and MoYap1.
MoSec22 is important in the accumulation of extracellular peroxidases that are known to play the crucial roles in scavenging ROS, which accumulates rapidly in the major and earliest responses of plant pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) [70] . In M. oryzae, the des1 deletion mutant displays decreased expression of peroxidase genes, and this severely affects the virulence on susceptible rice cultivar Nakdongbyeo [37] . Recently, we reported that the transcription factor MoATF1 of M. oryzae is responsible for the scavenging of host-derived ROS, and that this function may be essential for the inhibition of plant defense response and the spread of infection hyphae in plant tissues [30] . Defects in production of these extracellular peroxidases resulting in loss of pathogenicity may also cause loss of inhibition of the plant PTI response.
In summary, we found that MoSec22 is a multifunctional protein required for conidiogenesis and pathogenicity. MoSec22 participates in the maintenance of cell wall integrity and regulation of ROS levels. Each and any of these processes are crucial for the growth, development, and pathogenicity of the fungus. How MoSec22 exerts these functions, directly or indirectly through being a component of the endomembrane system necessitates further studies. Author Contributions
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